Guided-mode resonance [1, 2] (GMR) gratings have received a great deal of attention in the past decade for their wide range of potential applications [3] [4] [5] [6] . A type of dielectric diffraction grating, GMR sensors act as a frequency-selective surface that only reflects light within a narrow band of wavelengths. Because of their high sensitivity to the refractive index of their surrounding media, one of the most well-researched applications of GMR devices is as a type of label-free biosensor [7] [8] [9] [10] [11] [12] .
Optical characterization of most GMR-based biosensor systems is complex, however. In a typical setup, a broadspectrum source is used to illuminate the sensor surface, and the reflected light is directed to a spectrometer (although more compact characterization techniques have been demonstrated [13] ). Using this method, GMR devices are characterized by their reflectivity versus wavelength. In this Letter, the grating itself is made tunable via air pressure, allowing the response of the grating to be characterized using only a fixed source and detector. The device consists of a simple one-dimensional grating of titanium dioxide (TiO 2 ) bars embedded in a polydimethylsiloxane (PDMS) substrate (see Fig. 1 ), and is characterized by its reflectivity versus applied air pressure.
When exposed to TM light normal to the grating surface, the grating in Fig. 1 would produce a resonance at a wavelength of around 815 nm. However, if the refractive index of the medium were increased or the PDMS strained (i.e., the pitch, Λ, of the grating increased), the resonance would shift to a higher wavelength. This dependence on the device parameters provides an alternate method of device characterization; Fig. 2 demonstrates reflectance as a function of grating pitch and medium refractive index for a fixed wavelength of 850 nm.
Wang and Magnusson [14] demonstrated that the GMR effect can only occur when a diffracted order occurs at an angle acute enough to the grating surface to undergo total internal reflection. When such a diffracted order remains in phase after the reflection, a resonance occurs. For TM-polarized light, this corresponds to a solution of the equation
, and β ¼ kðn g sin θ − iλ=ΛÞ. The average refractive index of the grating is given by n g , the order of diffraction is given by i, and the angle of incidence is given by θ. Figure 3 compares the location of resonance peaks for both theoretical results [from Eq. (1)] and COMSOL simulation results. The results show good agreement on the movement of the peak relative to a change in either pitch or n Medium .
To allow the grating to be uniformly strained, the TiO 2 structures are embedded at the surface of a 50 μm thick PDMS membrane separating two channels, as seen in Fig. 4 . The channel on the side of the grating contains the fluid sample (medium), while the channel on the opposite side is used to modulate the pressure acting on the membrane. The overlapping channels are of different widths such that the membrane is narrower in the direction of the grating. This ensures that the lateral strain on the membrane is greater than the longitudinal strain. For the 1 mm × 3 mm channel overlap presented here, lateral strain is around 10 times greater than longitudinal strain.
For the mechanical simulation model, the grating dimensions used were Λ ¼ 1 μm, w ¼ 1:025 μm, and t ¼ 1 μm. Use of smaller grating dimensions did not noticeably improve the results and increased the simulation 4/CO 1 2 time dramatically; it was, however, necessary to preserve the correct TiO 2 fill factor and ensure that the grating dimensions were sufficiently small relative to the dimensions of the membrane. Figure 5 (a) shows the lateral displacement of the grating as a function of position on the grating. The clear "stair step" pattern is caused by the large difference in the materials' elasticities. PDMS is a highly elastic material, with a Young's modulus around 0:75 MPa [15] . In contrast, TiO 2 has a high Young's modulus (2:83 GPa); thus, almost no stretching of the TiO 2 bars occurs, and these regions appear flat on the displacement curves.
The effective strain acting on the grating is given by the slope of these displacement curves. Figure 5(b) shows that a pressure difference of only 5500 Pa can tune the sensor over a range of 546-578 nm pitch, enough to operate in media of a refractive index of 1.33-1.5.
A few practical concerns should be noted regarding a deformable sensor of this type. The overall range and lifetime of the sensor would likely be limited by a number of factors, such as inelastic deformation of the membrane and swelling of the PDMS due to water absorption. Breakage of the TiO 2 bars is also likely to occur, as has been observed in other PDMS-based deformable grating structures [16] , which may become problematic under very large deformations.
At a maximum pressure of 5500 Pa, out of plane displacement of the PDMS membrane is around 243 μm. Beam divergence of the source must either be negligible over this range or compensated for in order to avoid unwanted distortion of the output, and the PDMS channel must be sufficiently deep to provide clearance for the membrane.
By combining the results of Fig. 5(b) with the optical simulation results, we obtain the reflectivity of the grating in terms of pitch, as seen in Fig. 6(a) . Figure 6(b) shows the location of the resonance peak in terms of both pressure and the refractive index of the medium.
For GMR sensors, sensitivity is typically defined as the change in peak wavelength value (PWV) per change in medium refractive index, or ΔPWV=Δn. Since the resonance of this sensor occurs at a specific pressure, not wavelength, we must define its sensitivity as a change 
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in peak pressure value (PPV) per change in medium refractive index, or ΔPPV=Δn. Using this equation, this device has a sensitivity ranging from around 7:5 kPa=R:I:U: for small changes in pressure, to around 39 kPa=R:I:U: for most of the sensor range, corresponding to the linear region of Fig. 6(b) .
Minimum detectable change in refractive index is dependent upon minimum detectable change in pressure (pressure gauge resolution) for the device presented here, just as it is dependent upon minimum detectable change in wavelength (spectrometer resolution) for a broad-spectrum-characterized GMR sensor. Block et al.
[17] demonstrated a rigid GMR biosensor with a sensitivity of between 249 and 356 nm=R:I:U:, which can be directly compared to this tunable sensor only by considering both the spectrometer and pressure gauge resolutions used to characterize the devices, respectively. For example, a pressure gauge with a resolution of 2:1 Pa would provide device sensitivity over the entire tunable sensor range greater than the rigid GMR sensor characterized using a spectrometer with 0:1 nm resolution.
In summary, a widely tunable GMR biosensor, which could be fabricated using well-established technologies, has been demonstrated using finite element method simulation. The device is tuned by changing the air pressure acting on a PDMS membrane; this allows for characterization using a single-wavelength, 850 nm source rather than the broad-spectrum setup typical of GMR analysis. Simulation results suggest the sensitivity of such a device could meet or exceed that attained by more conventional GMR biosensors.
